The peripheral nervous system communicates specifically with the immune system via local interactions. These interactions include the "hardwiring" of sympathetic/ parasympathetic (efferent) and sensory nerves (afferent) to primary (e.g., thymus and bone marrow) and secondary (e.g., lymph node, spleen, and gut-associated lymphoid tissue) lymphoid tissue/organs. To gain a better understanding of this bidirectional interaction/crosstalk between the two systems, we have investigated the distribution of nerve fibres and PNS-immune cell associations in situ in the mouse lymph node by using immunofluorescent staining and confocal microscopy/ three-dimensional reconstruction. Our results demonstrate: i) the presence of extensive nerve fibres in all compartments (including B cell follicles) in the mouse lymph node; ii) close contacts/associations of nerve fibres with blood vessels (including high endothelial venules) and lymphatic vessels/sinuses; iii) close contacts/associations of nerve fibres with various subsets of dendritic cells (e.g., B220 + CD11c + , CD4 + CD11c + , CD8a + CD11c + , and Mac1 + CD11c + ), Mac1 + macrophages, and B/T lymphocytes. Our novel findings concerning the innervation and nerve-immune cell interactions inside the mouse lymph node should greatly facilitate our understanding of the effects that the peripheral nervous system has on cellular-and humoral-mediated immune responses or vice versa in health and disease.
Introduction
The human body systems work together to maintain internal stability and balance or equilibrium, a state known as homeostasis. 1 For example, the nervous system [including the central nervous system (CNS) and the peripheral nervous system (PNS)] and the immune system, which are the principal sensory interfaces between the internal and external environment, collaborate to maintain homeostasis and to protect the host against disease or other potentially damaging foreign substances. [2] [3] [4] [5] The nervous system regulates hematopoiesis, priming, migration and the cytokine production of immune cells by the secretion of hormones from the pituitary/other endocrine organs and via the direct innervation of the immune organs. [5] [6] [7] [8] [9] Interestingly, the immune response can also have various impacts on homeostatic neural circuits such as those controlling blood pressure, metabolism, body temperature, and inflammatory reflex. 2, 5 Recent studies have addressed the bidirectional crosstalk of the PNS and immune system by using several in vivo and in vitro approaches including cell-specific targeting, novel sequencing, imaging and analytical tools to reveal the mechanisms of neuroimmune regulation. [7] [8] [9] This bidirectional crosstalk has been studied in two directions: the PNS-mediated regulation of immunity and the immune-system-mediated regulation of PNS function. The same molecules, including cytokines, neurotransmitters, and trophic factors, participate as mediators in both directions. 7 The PNS communicates specifically with the immune system according to local interactions, including the "hardwiring" of sympathetic/parasympathetic (efferent) and sensory nerves (afferent) to primary (including thymus and bone marrow) and secondary lymphoid organs (including lymph node, spleen, and gut-associated lymphoid tissue). [10] [11] [12] [13] [14] [15] Both classic (catecholamines and acetylcholine) and peptide neurotransmitters released by sympathetic/parasympathetic nerve endings (or even by immune cells) bind to their respective receptors on the surface of immune cells and initiate immune-modulatory responses. [5] [6] [7] 16 Cytokines synthesized/ released by the immune cells (or even neurons/glial cells) have effects on nervous tissue and act as mediators of immune-system-mediated nervous functions. 7, 17 However, despite the results in the abovementioned reports that have demonstrated the occurrence of functional interconnections between the PNS and immune system, data concerning the mechanisms of this bidirectional crosstalk are frequently incomplete and do not always focus on their relevance to neuroimmune modulation in vivo in health and disease.
The initiation of adaptive immune responses depends upon the careful maneuvering of antigen and lymphocytes into and within strategically placed lymph nodes. 18 Several approaches including histochemistry, immunohistochemistry/immunofluorescent staining, and retrograde tracing have been utilized to reveal the innervation and potential neuroregulation of the lymph node. 10, [14] [15] The presence and distribution of sympathetic catecholamine fibres in the lymph nodes in various species have been well documented in several studies, although whether a parasympathetic input is present in lymph nodes remains under debate. 12 In addition, lymph nodes have an afferent sensory innervation since, unlike the thymus and spleen, their immune responses are linked with specific regions of the body and tissue compartments in which the location of an immune challenge is critical for directing the immune system to sites of injury and infection. 12 In our previous studies, we have demonstrated the presence of non-myelinat-ing Schwann cells and Remak fibres (including small nociceptive (C-type) axons, postganglionic sympathetic axons, and some preganglionic sympathetic/ parasympathetic fibres) inside the lymph node. 19 The nerve fibres normally run along the blood vessels, form plexi around some blood vessels and extend into the parenchyma of the lymph node. 13, 19 In addition, these nerve fibres also have direct close associations with some immune cell populations inside the lymph node, indicating the essential roles of the PNS in the regulation of immunity. 13, 19 Therefore, we hypothesize that interaction/communication between the immune system (e.g., secondary lymphoid tissues/organs including lymph node and spleen) and PNS (e.g., sympathetic, parasympathetic, and enteric nerve system) is based on local nerve-immune cell contact inside these lymphoid tissue/organs. By using immunofluorescent staining and confocal microscopy/three-dimensional (3D) reconstruction, we have investigated the distribution of nerve fibres and PNSimmune cell interactions in situ in the mouse lymph node in order to improve our understanding of the microanatomical basis of the interaction of the PNS and secondary lymphoid organs.
Material and Methods
Animals C57BL/6 male mice (8-10 weeks old) were bought from the Animal Resources Centre (ARC, Murdoch, WA, Australia). All animal experiments were approved by Murdoch University's Animal Ethics Committee and performed according to Australian laws/guidelines for animal protection. We used eight mice in total for this study.
Section preparation
Microscope slides (27 mm × 75 mm) were bought from Thermo Fisher Scientific (Scoresby, Australia). After a brief rinse with 70% ethanol, slides were treated with 0.01% poly-L-lysine solution (PLL, Sigma, Castle Hill, Australia) for 10 min followed by air-drying overnight.
Mice were killed by carbon dioxide followed by cervical dislocation. Mesentery or inguinal lymph nodes were immediately removed, embedded in Tissue-Tek® O.C.T. Compound (ProSciTech, Kinwan, Australia), and frozen quickly in liquid nitrogen. Cryosections (20 µm) were then cut by using a Leica CM1850 UV Cryostat (Leica Biosystems, Nussloch, Germany) and mounted on the PLL-treated microscope slides. For each staining, six sections were stained and examined.
Antibodies
The specificities and sources of antibodies are described in Table 1 .
Immunofluorescent staining
Tissue sections were rinsed briefly with phosphate-buffered saline (PBS) and then fixed with 4% paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, PA, USA) for 10 min at room temperature. All washes (3x8 min) between steps were performed with washing buffer (0.02% Triton X-100 in PBS) at room temperature. After treatment with 0.2% Triton X-100 in PBS for 3 min, sections were incubated with antibody dilution buffer (2% goat serum in PBS; Sigma) for 20 min at room temperature in order to block any potential non-specific binding sites to the antibodies. The sections of the experimental group were incubated with primary antibodies overnight at 4°C. For negative control staining, primary antibodies were omitted, and only antibody dilution buffer was applied. All sections were then incubated with secondary antibodies (pre-incubated 20 min with 0.5% mouse serum (Sigma) before application) for 2 h at room temperature. Finally, slides were mounted with glass coverslips by using Fluorescence Mounting Medium (Dako, North Sydney, Australia). No positive signals were observed when the anti-NF-H antibody was omitted (negative control experiments). 
Confocal microscopy and image processing
Confocal microscopy was performed with a Nikon C2 Plus Confocal Microscope (Nikon Instruments, Melville, NY, USA) furnished with three lasers (excitation wavelength at 488 nm, 561 nm and 633 nm). We utilized a Plan Apo λ 40x/0.95 dry objective lens and a Plan Apo λ 60x/1.40 oil immersion objective lens for the imaging.
For some experiments, Tile Scan was used to scan a large area of the lymph node. Maximal intensity projection of a Z-stack was performed by using the "Maximal intensity projection" function of the NIS-Elements AR program. The images were then exported as bitmap (BMP) image files and further edited (cropping and labeling) by using Corel PaintShop Pro 2018 (Corel, Ottawa, Canada).
Colocalization analysis with ImageJ
Colocalization analysis was performed by using the program ImageJ 1.51h (downloaded from https://fiji.sc/) as previously described. 20 Each RGB image (24-bit) was split into three color channels (8-bit; red, green, and blue). appeared white in the final images. The % intensity above threshold colocalized (Manders' Colocalization Coefficient) for each channel was calculated by the software.
Animation of optic slices and 3D reconstruction with ImageJ
Image sequence (exported from confocal microscopy) was imported into ImageJ and converted to a stack. Volume rendering was performed by using the 3D viewer (in menu Plugins-3D viewer). After rendering steps, snapshots were taken from the rendered results and saved as TIFF files.
Results

Distribution of nerve fibres in the mouse lymph nodes
To reveal the distribution of nerve fibres, 20-µm-thick cryosections of lymph node from C57BL/6 male mice were labelled with an anti-neurofilament heavy Upon breaching the capsule of the lymph node, the contents of the afferent lymphatic vessels are released into the subcapsular sinus, a region between the capsule and cortex. Inside the capsule, nerve fibres that were closely associated with the wall of the subcapsular sinus were observed (Figure 2a ). Nerve fibres were also observed within the subcapsular sinus; some of these fibres also had close associations with B cells and dendritic cells (DCs; Figure 2a ). The B cell follicles including the germinal centres also contained nerve fibres (Figure 2 a,b ). In the paracortical region (Figure 2c ), the intensity of nerve fibres was much higher compared with that of the cortex; these nerve fibres also exhibited close associations with some B cells and a large number of DCs (B220 -CD11c + and B220 + CD11c + ), especially near the high endothelial venules (HEV). Moreover, in the medulla region, nerve fibres were also found to be closely associated with the lymphatic sinus/vessel, blood vessels and B cells/DCs (B220 -CD11c + and B220 + CD11c + DCs; Figure 2d ).
We then analysed the distribution of nerve fibres, T helper cells (revealed by anti-CD4 staining) and DCs inside the mouse lymph node; the results are shown in Figure 3 . In B cell follicles, only a few T helper cells were present, some of them having close associations with nerve fibres (Figure 3 a,c) . In the paracortex (Figure 3  b,d) , some nerve fibres also exhibited close associations with T helper cells and DCs (including a few CD4 -CD11c + DCs and many CD4 + CD11c + DCs).
We also performed triple-immunolabelling to reveal nerve fibres, cytotoxic T cells (revealed by anti-CD8a staining) and DCs inside the lymph node. The B cell fol- licles contained only a few cytotoxic T cells. In the paracortex (Figure 4 ), some nerve fibres exhibited close associations with cytotoxic T cells and DCs (CD8a -CD11c + and CD8a + CD11c + DCs).
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Figure 4. Distribution of nerve fibres, CD8 + cytotoxic T cells, and DCs in the paracortex of mesenteric lymph node of a C57BL/6 mouse. Antibodies against NF -H (red), CD8a (green), and CD11c (blue) label mainly nerve fibres, cytotoxic T cells, and DCs, respectively. The cyan arrows show CD8a + CD11ccytotoxic T cells that have a close association with the nerve fibres. The white arrows show CD8a -CD11c + DCs that have a close association with the nerve fibres. The yellow arrows indicate CD8a + CD11c + DCs that have a close association with the nerve fibres. (B) High-resolution view of cropped regions of images shown in (A). C) Combinations of 2 or 3 channels shown in (A). The image in the fourth panel, in which CD8a + CD11c + DCs appear white, is generated by merging image A [the red channel (NF)] with image B (product of colocalization analysis of green and blue channels). All images are generated by using max-
Interaction of nerve fibres and macrophages in mouse lymph nodes
The macrophage response can be triggered, maintained and terminated by a twoway interaction of macrophages and nerve fibres. 7 In the present study, we investigated the association of nerve fibres and a subset of macrophages, namely Mac1 (CD11b) + macrophages. Few Mac1 + macrophages were seen in the cortex. The distribution of Mac1 + macrophages, DCs and nerve fibres in the paracortex and medulla of a mouse lymph node is shown in Figure 5 . The para-cortex ( Figure 5a ) and medulla (Figure 5b ) contained many Mac1 + CD11cmacrophages, some of which exhibited close apposition to the nerve fibres. We also observed the presence of Mac1 + CD11c + DCs, which were closely apposed to the nerve fibres ( Figure 5 a-c).
We have observed two kinds of nerveimmune cells contact/association. The first was a nerve fibre-immune cell contact/association, as shown in Figures 2, 3, and 4 . The second kind of contact/association was between nerve endings/terminals and immune cells, as shown in Figure 2b and 
Spatial relationship between nerve fibres and blood vessels in mouse lymph nodes
To understand the spatial relationship between nerve fibres and blood vessels inside the lymph node, double-immunolabelling with anti-CD31 (a blood vessel endothelial cell marker) and anti-NF was performed on cryosections. The results are shown in Figure 6 and Supplementary Figure  6 . Bundles of nerve fibres accumulated at the hilum of the lymph node (Figure 6 and Supplementary Figure 6 ). Nerve bundles were also observed on the opposite side of the hilum ( Supplementary Figures 1 and 6) .
In B cell follicles, capillaries were closely associated with nerve fibres (Figure  6a ). In the paracortex region (Figure 6b were also observed possibly indicating the neural control of blood flow inside HEVs and other blood vessels inside the lymph node. Furthermore, in the medulla region, we observed a close association of nerve fibres with blood vessels and even with the lymphatic vessels/sinus (identified indirectly through histological features; Figure 6c ).
Discussion
The PNS and immune system are anatomically and functionally interconnected as has been demonstrated by the dense innervation of the primary and secondary lymphoid tissues/organs (including thymus, spleen and lymph nodes). [11] [12] [13] [14] [20] [21] The local interactions between the cells from two systems provide the structural basis of the complex network of immune and neural responses. However, until now, despite some previously reported studies, [11] [12] [13] [14] [15] no detailed microanatomical investigations of the innervation of the lymph nodes have appeared in the literature. In the present study, we have observed extensive innervation and nerve-immune cell interaction in the lymph node, which has not been reported before. This kind of local nerve-immune cell interaction is very helpful for us to understand the microanatomical basis of bidirectional neuroimmune communications.
NFs are intermediate filaments measuring approximately 10 nm in diameter and many micrometres in length. Their primary function is to provide structural support for axons and to regulate axon diameter, which influences nerve conduction velocity. 22 By using anti-NF-H as a reliable neuronal marker, we have characterized the distribution of nerve fibres in the lymph nodes. Our approach is robust and much easier to per-form compared with some other studies involving technically difficult methods (e.g., retrograde tracing). 10 A few of our observations are especially interesting.
First, we observed bundles of nerve fibres not only at the hilum region, but also at the side opposite to the hilum, a finding that indicates that the nerves enter the lymph node at two or more sites. This type of multiple entry sites of nerves has also been reported in another secondary lymphoid organ-spleen. 23 The sympathetic input reaches the spleen via the arteries, whereas the parasympathetic input arrives at the spleen via both of its tips. 23 The multiple entry sites of nerves to the lymph node will have to be confirmed by using serial sectioning or whole-mount tissue/organ staining (e.g., immunostaining of the superficial inguinal lymph nodes together with their adjacent skin/connective tissue).
Second, an extensive meshwork of NF- H + nerve fibres was observed throughout the lymph nodes and the intensities were much higher compared with those reported in some studies. 10, 15 Since lymph nodes are located in various anatomic regions/sites, we elected to analyse a few types of lymph nodes (including the mesenteric/inguinal nodes), and obtained similar results in each, concerning their innervation. Nerve fibres were observed in all compartments (including the B cell follicles and their germinal centres). This kind of high-intensity innervation agrees with our previous report on non-myelinating Schwann cells/Remak fibres of lymph nodes. 19 However, our results do not agree with some reports indicating almost no innervation inside the B cell follicles and their germinal centres. 10, 15 The much smaller numbers of nerve fibres inside the cortex and other compartments reported in these studies might be attributable to insufficient or unsuccessful immunostaining of nerve inside the lymph node. We have applied several neuronal markers (e.g., glial fibrillary acidic protein 19 ) to investigate the innervation of lymph node/spleen/thymus and obtained similar results concerning the distribution of nerve fibres. Therefore, we believe that our staining with anti-NF-H reflects the real in situ distribution of nerve fibres inside the lymph node. These nerve fibres should include the postganglionic sympathetic/parasympathetic (efferent) and visceral sensory nerves. Since NF is a general neuronal marker, additional cellular markers such as tyrosine hydroxylase, choline acetyltransferase and acetylcholinesterase can be used to identify specific nerve types innervating the lymph node.
Third, our study has demonstrated two types of PNS-immune cell interactions, namely nerve fibre-immune interaction and nerve ending-immune cell interactions. In one previous study of the sympathetic innervation of rat cervical lymph nodes involving the use of the anterograde tracking of nerves with Fluoro-Ruby (a neuronal tracer), 10 only the varicosities of sympathetic fibres were revealed. In our study, small (<1 µm) bright red dots (staining signals) were observed, many being closely apposed to the immune cells. These nerve endings are probably from sympathetic or parasympathetic fibres. In the case of sympathetic fibres, the bright dots indicate the varicosities, whereas in the case of the parasympathetic fibres, the bright dots indicate the terminal buttons (end bulbs).
The crosstalk of the vascular system and PNS contributes to the development and progression of some common diseases when dysregulated. 24 Nerve endings have been reported to be associated with smooth muscle cells of muscular vessels. 25 The nerve fibres travel along blood vessels, form plexi around the blood vessels and extend into the parenchyma of the lymph node. 14, 19 Similarly, in our study, in each compartment of the lymph node, we have also observed a close association of nerve fibres with blood vessels, even capillaries without smooth muscles. The innervation of blood vessels is thought to regulate the blood flow and vascular permeability inside the lymph node.
HEVs are anatomically distinct postcapillary venules in the lymph node and other secondary lymphoid organs including Peyer's patches. 26 Lymphocytes and other immune cells flow through arteries/arterioles and pass through the capillaries before entering HEVs, which are lined with specialized endothelial cells that support leucocyte adhesion and migration. 26 We have observed nerve plexi around the HEV in this study and in one of our previous studies. 19 Therefore, the neuronal regulation of the blood flow and vascular permeability of HEVs might affect the subsequent immune cell dynamics inside the lymph node.
Recent studies have shown that lymphatic vessels also have innervation that might contribute to the regulation of lymph flow. 19, 27 In our study, we have observed the association of nerve fibres and the lymphatic vessel/sinus including the subcapsular sinus, trabecular sinus, and medullary sinus, as identified indirectly by microanatomical features instead of cellular markers. This kind of interaction suggests the active neural regulation of vessel calibre and functionality of the lymphatic vessel/sinus inside the lymph node. Certainly, further morphological, biochemical, and functional studies are needed to reveal the roles of the nerve fibres in the activities and functions of lymphatic vessels.
Since nerve/nerve fibres are relatively static and since immune cells (such as DCs, macrophages, and lymphocytes) are mobile, the nerve-immune cell contact should be dynamic. Further functional studies need to be carried out to reveal the mechanisms of this kind of cell-to-cell interaction. For example, catecholamines released from postganglionic fibres of sympathetic nerves (and the adrenal medulla) are important regulators of the functions of immune cells. [28] [29] [30] Cytokines (including tumour necrosis factor, interleukin (IL)-1β, IL-6, IL-17, prostaglandins, and other molecules) that are produced/released from neutrophils, macrophages, mast cells, and other immune cells can interact with sensory neurons through these receptors in health and disease. [31] [32] [33] In addition, the interaction of noradrenaline/adrenaline with adrenergic receptors expressed on neutrophils, monocytes, macrophages, T cells, and other immune cells contributes to cytokine production and inflammation. 5, 7 DC migration and motility are influenced by sympathetic and sensory neural input and immature DCs are responsive to both noradrenaline and neuropeptides. 7 Recent studies have demonstrated the local interactions of DCs and nerve fibres in the lung and lymph node. 15, 19, 34 Within our study, we have observed extensive interactions of nerve fibres and DCs, especially in the paracortex of the lymph node. Because of the heterogeneity of DCs, 35, 36 we have combined the DC marker -CD11c with other CD markers (e.g., B220, CD4, CD8a and CD11b) to identify the different subsets of DCs. Our approach has revealed the local interaction of nerve fibres with various DCs subsets, including B220 + CD11c + , B220 -CD11c + , CD4 + CD11c + , CD4 -CD11c + , CD8 + CD11c + , CD8 -CD11c + , Mac1 + CD11c + and Mac1 -CD11c + DCs.
Recent studies have also demonstrated the local interactions of macrophages and nerve fibres in the lung, lymph node, and other organs. 15, 19 In our study, we have observed the close interactions of nerve fibres with one subset of macrophage (Mac1 + ) 36 in the paracortex and medulla of lymph nodes, suggesting that nerve fibres affect macrophage functions such as antigen presentation and cytokine production. 7 Consequently, macrophages can also have surprising effects through cytokine and other inflammatory factors. 7 Although a few studies have reported that B/T cells do not form contacts with nerve fibres, 15 we have observed close associations of nerve fibres with B cells, CD4 + T helper cells, and CD8a + cytotoxic T cells. This kind of close contiguity leads to several suggestions. 5, 7 First, the nerve fibres may affect the antigen presentation of B cells. Second, the nerve fibres may have impacts on the activation of CD4 + /CD8 + T cells. Third, immune cells can have impacts on nerve fibres through the production of cytokines. Fourth, some neurotransmitters/ neuropeptides can act directly on T cells.
Although further molecular in vitro and in vivo studies of the mechanisms are needed, our findings concerning the innervation and nerve-immune cell interaction inside the lymph node provide a reliable microanatomical basis for nerve-immune interactions/communications inside lymph nodes. The study of neuroimmune modulations should greatly facilitate our understanding of the mechanisms by which the PNS affects cellular-and humoral-mediated immune responses and vice versa in infectious and non-infectious diseases. [37] [38] [39] [40] Furthermore, chemical/pharmacological or other manipulations of these neuroimmune interactions should benefit the development of potential practical therapeutic approaches for certain neuroimmune, infectious, and immunological diseases. 5, [37] [38] [39] [40] 
